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Abstract
Rab proteins form the largest branch of the Ras superfamily of GTPases. They are localized to the cytoplasmic face of
organelles and vesicles involved in the biosynthetic/secretory and endocytic pathways in eukaryotic cells. It is now well
established that Rab proteins play an essential role in the processes that underlie the targeting and fusion of transport vesicles
with their appropriate acceptor membranes. However, the recent discovery of several putative Rab effectors, which are not
related to each other and which fulfil diverse functions, suggests a more complex role for Rab proteins. At least two Rab
proteins act at the level of the Golgi apparatus. Rab1 and its yeast counterpart Ypt1 control transport events through early
Golgi compartments. Work from our laboratory points out a role for Rab6 in intra-Golgi transport, likely in a retrograde
direction. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
The ¢rst rab gene (YPT1) was identi¢ed in 1983 by
D. Gallwitz et al. as an ORF between actin and
tubulin genes in Saccharomyces cerevisiae [1]. Four
years later, A. Salminen and P. Novick provided the
¢rst evidence that a Ras-like GTPase (Sec4) was di-
rectly involved in a vesicular transport process. The
same year, A. Tavitian and colleagues cloned the ¢rst
homologs of SEC4/YPT in mammals, termed rab
(ras-like in rat brain) genes. Fifteen years on, small
GTPases of the Rab/Ypt family form the largest
branch of the p21 ras superfamily and are recognized
as key players of the protein machinery involved in
vesicular transport and organelle dynamics in eu-
karyotic cells. Many of them have been localized to
various compartments of both the biosynthetic/secre-
tory and endocytic pathways. In vivo and in vitro
studies performed in mammalian cells with Rab pro-
teins locked in their GDP- or GTP-bound conforma-
tions, as well as genetic studies in yeast, have led to
the hypothesis that Rab proteins are involved in
docking/fusion of transport vesicles with their target
membranes. Good evidence also exists that Rab pro-
teins ful¢l their function by cycling between a GDP-
bound cytosolic and a GTP-bound membrane form.
Nevertheless, their exact function is still poorly
understood. Rab proteins may participate in, or
modulate the formation of, the v/t-SNARE (vesicle/
target-soluble N-ethylmaleimide-sensitive factor ac-
ceptor receptor) complexes. These complexes, formed
of proteins found on the membrane of transport
vesicles (VAMP/synaptotagmin family) and on the
membrane of acceptor compartments (syntaxin fam-
ily), are involved in the speci¢c recognition of trans-
port vesicles with their target membranes [2]. In ad-
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dition, several proteins, unrelated to each other, have
been recently identi¢ed as putative Rab e¡ectors.
This suggests a more complex role than previously
suspected for the Rab family of proteins. We will
focus here on recent advances in the Rab ¢eld,
with special emphasis on Rab proteins involved in
transport at the level of the Golgi apparatus.
2. Localization of Rab proteins
Most of the Rab proteins identi¢ed so far are
ubiquitous, although their level of expression may
vary from one cell type to another. Nevertheless,
some of them are cell type- or tissue-speci¢c, such
as Rab3A which is only expressed in neurons and
neuro-endocrine cells [3,4], or Rab17 which is only
detected in epithelial cells [5]. Many Rabs have now
been localized using speci¢c antibodies by a combi-
nation of cell fractionation, immuno£uorescence and
immunoelectron microscopy approaches. We sum-
marize in Fig. 1 and Table 1 what is currently known
about the intracellular localization of Rabs in mam-
mals and Sec4/Ypt proteins in yeast. All of the or-
Fig. 1. Hypothetical eukaryotic cell showing the localization and function of Rab proteins. RER: rough endoplasmic reticulum; IC:
intermediate compartment; TGN: trans-Golgi network; SV: synaptic vesicles; EE: early endosomes; LE: late endosomes; L: lyso-
somes; RecyE: recycling endosomes.
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ganelles (except lysosomes) involved in biosynthetic/
secretory and endocytic pathways carry at least one
Rab protein on their cytoplasmic face. In most cases,
Rabs are associated with two adjacent compartments
and some of them have been found on trans-
port vesicles, such as clathrin-coated vesicles. These
data support the hypothesis that Rab proteins
are involved in targeting and/or docking/fusion
of transport vesicles with their acceptor compart-
ments.
3. Rab cycle
The functional cycle of Rab proteins is currently
relatively well known (Fig. 2). Like other GTPases,
Rabs cycle between a GDP-bound (‘o¡’) and a GTP-
bound (‘on’) conformation. The GDP/GTP exchange
reaction is likely catalyzed by GEF (guanine ex-
change factor) proteins. Two putative exchange fac-
tors (Dss4 and its mammalian counterpart Mss4)
have been identi¢ed [6^8]. Dss4 is active on Sec4
and Ypt1, but not on Rab3A. Mss4 displays an ex-
Table 1
Localization and function of Rab proteins in yeast and mammals
Protein Localization Function References
Sec4 post-Golgi vesicles, plasma membrane Golgi to plasma membrane transport [72^74]
Ypt1 ER, early Golgi ER to Golgi, intra-Golgi transport [48,75,76]
Ypt31, Ypt32 Golgi? intra-Golgi, Golgi to vacuole transport? [66]
Ypt51, Ypt52,
Ypt53
endosomes transport in early endocytic pathway [77]
Ypt6 ? intra-Golgi, Golgi to vacuole transport [65,67]
Ypt7 ? transport in late endocytic pathway,
homotypic fusion of vacuoles
[78^80]
Rab1A, Rab1B intermediate compartment, CGN ER to Golgi and intra-Golgi transport [45,47,49,81^83]
Rab2 intermediate compartment, CGN ER to Golgi transport [47,84]
Rab3A synaptic vesicles, secretory granules regulated exocytosis in neurons and
neuro-endocrine cells
[3,4,85,86]
Rab3B synaptic vesicles? regulated exocytosis in neurons? [87,88]
tight junctions of polarized epithelial cells ?
Rab3C synaptic vesicles similar to rab3A? [89]
Rab4A, Rab4B early endosomes recycling from early endosomes to plasma
membrane
[90]
Rab5A, Rab5B, plasma membrane, clathrin-coated vesicles, plasma membrane to early endosome [84,91^95]
Rab5C early endosomes transport
fusion of early endosomes
Rab6 medial/trans-Golgi, TGN intra-Golgi retrograde transport? [54,55,57^59,61,63]
Rab7 late endosomes early to late endosome transport [96,97]
late endosome to lysosome transport
Rab8 post-Golgi basolateral vesicles, tight junction Golgi to basolateral plasma membrane [98,99]
in polarized cells transport in polarized cells
Rab9 late endosomes, TGN late endosome to TGN transport [100,101]
Rab10 Golgi and post-Golgi vesicles ? [68]
Rab11 TGN, recycling endosomes, post-Golgi transport through recycling endosomes [102,103]
vesicles endosomes to TGN transport?
Rab12 Golgi complex? ? [104]
Rab13 tight junctions in polarized epithelial cells ? [105]
Rab17 basolateral plasma membrane in epithelial
cells, apical endosomes
transcytosis? [5]
Rab24 ER, cis-Golgi, late endosomes ? [104]
Rab27 retinal cells ? [106]
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change activity towards a subset of Rab proteins
which, interestingly, are all involved in the biosyn-
thetic/secretory pathway. However, exchange activ-
ities of both Dss4 and Mss4 are very low compared
to values reported for GEFs of other members of the
Ras superfamily. Recently, proteins with higher ex-
change activities have been characterized. Takai and
coworkers have puri¢ed from rat brain a 178 kDa
cytosolic protein speci¢c for prenylated Rab3A [9].
Sec2p, an essential protein required for Golgi to plas-
ma membrane tra⁄c, mediates nucleotide exchange
on Sec4 [10]. Sec2p shares sequence homology with
Rabin-3, a 50 kDa protein that speci¢cally interacts
with GDP-bound forms of Rab3A and Rab3D [11].
However, Rabin-3 has no detectable exchange factor
activity. Finally, Zerial and coworkers have isolated
a 60 kDa protein that forms a tight complex with
rabaptin-5, a Rab5 e¡ector (see below), and catalyzes
GDP/GTP exchange upon delivery of Rab5 to mem-
branes [12]. This protein, termed Rabex-5, is homol-
ogous to Vps9, a yeast protein involved in endocy-
tosis.
The intrinsic GTPase activity of Rab proteins is
very low, suggesting the involvement of GAP
(GTPase activating) proteins in order to stimulate
GTP hydrolysis. Rab GAP activities have been de-
tected in various extracts [13^15]. However, only two
cDNAs encoding for Rab GAPs have been charac-
terized so far. One of them encodes the S. cerevisiae
Gyp6 protein that stimulates GTP hydrolysis by
Ypt6, but not by Rhy1 or Rab6, the S. pombe and
mammalian counterparts of Ypt6 ([16]; P. Mollat
and B. Goud, unpublished results). More recently,
a 130 kDa cytosolic GAP protein active on all mem-
bers of the Rab3 family has been puri¢ed from rat
brain cytosol [17].
A characteristic of Rab proteins is that a cycle of
association with and dissociation from membranes is
superimposed onto their GDP/GTP cycle. In the cy-
tosol, Rab proteins are maintained in their GDP-
Fig. 2. Rab cycle. Cytosolic Rab:GDP/GDI complexes are targeted to their speci¢c compartments (organelles and/or transport
vesicles). After transient association of complexes, GDI is released through interaction with GDF and GDP/GTP exchange is cata-
lyzed by GEF. Rab:GTP interacts with various e¡ectors (see text). GTP is then hydrolyzed after interaction with a GAP protein.
GDI can remove Rab:GDP from membranes and Rab:GDP/GDI complexes are reutilized in a new cycle. GDI: GDP dissociation in-
hibitor; GDF: GDI displacement factor; GEF: exchange factor; GAP: GTPase activating protein.
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bound conformation through an interaction with
GDI (GDP dissociation inhibitor) proteins. Only
one GDI (Gdi1p) has been identi¢ed in yeast [18],
but at least three (Rab3A GDI/GDIK/GDI-1, GDI-2
and GDIL) and probably ¢ve GDIs exist in mam-
mals [19^21]. The precise function of these GDI iso-
forms is at present unknown, but they may serve to
¢ne tune Rab function. GDI proteins play an impor-
tant role in speci¢c delivery of Rab proteins to their
target membranes. For instance, Rab5-GDI and
Rab9-GDI complexes have been shown to mediate
in vitro the binding of Rab5 and Rab9 to organelles
in which these proteins normally reside [22,23]. An-
other important property of GDIs is their capacity to
extract GDP-bound forms of Rab proteins from
membranes. Altogether, these data suggest that
GDIs are chaperones that accompany Rab during
their cycle between membrane and cytosol.
The molecular mechanisms involved in membrane
attachment of Rab proteins are still largely unclear.
GDP/GTP exchange does not seem to be a prereq-
uisite for Rab binding, since Rabs in their GDP-
bound conformation can be transiently detected in
membranes after delivery of Rab-GDI complexes
[22,23]. More likely, GDP/GTP exchange follows
binding of Rab:GDP-GDI complexes and release
of GDI. A GDI displacement factor active on a sub-
set of Rab proteins and devoid of exchange activity
has recently been characterized [24]. An important
but still unsolved issue is whether saturable ‘recep-
tors’ for Rabs are present on membranes. The evi-
dence for such ‘receptors’, that may interact with the
C-terminal hypervariable domain of Rab proteins
[25], has been recently documented in the case of
Rab4 [26].
4. Rab/Ypt e¡ectors
Within the past few years, a lot of e¡ort has been
put into identifying Rab/Ypt e¡ectors, i.e. proteins
that would preferentially bind to Rabs in their GTP-
bound conformation.
In mammalian cells, biochemical approaches and
yeast two-hybrid screens have been extensively used
with Rab3A, Rab5, Rab6, Rab8 and Rab9 proteins.
The best characterized e¡ectors so far are Rabphilin
and Rabaptin-5, which interact with Rab3A and
Rab5, respectively. Rabphilin, ¢rst isolated by
cross-linking of bovine brain extracts, has domain
homology with synaptotagmin (two C2-like domains
involved in binding of Ca2 and phospholipids) [27].
Its localization at the surface of synaptic vesicles is
consistent with that of Rab3A [28]. In addition, Rab-
philin expression is decreased in mice lacking Rab3A
[29]. The exact function of Rabphilin is still unclear.
It has been shown to inhibit GAP-induced GTP hy-
drolysis (although Rabphilin alone weakly stimulates
GTP hydrolysis by Rab3A), suggesting that Rabphil-
in function is to maintain Rab3A in its GTP-bound
conformation [30]. Rab3A:GTP may also recruit
Rabphilin on membranes, although this view has
been challenged [27,31]. Recently, Rabphilin was
shown to stimulate the activity of K-actinin to
cross-link actin ¢laments (formation of bundles)
[32]. This points to a function of Rab3A in the re-
organization of the actin cytoskeleton, a process
known to be essential for exocytosis.
Rabaptin-5 was found in a yeast two-hybrid screen
using the GTPase mutant of Rab5 (Rab5 Q79L) as a
bait [33]. It is a 115 kDa, mainly cytosolic protein.
Rabaptin-5 is recruited from the cytosol to endoso-
mal membranes by Rab5:GTP. In addition, its over-
expression induces the formation of large endosomes,
as does overexpression of Rab5 Q79L. Rabaptin-5
also stabilizes Rab5 in its GTP-bound conformation.
Interestingly, Rabaptin-5 is part of a large cytosolic
complex required for membrane docking/fusion. One
protein of this complex (p60) shares homology with
yeast Vps9 and acts as an exchange factor for Rab5
[12].
Three other putative Rab e¡ectors have been re-
cently characterized: a serine/threonine protein kin-
ase, closely related to the GC kinase found in lym-
phoid germinal centers [34]; Rim, a zinc ¢nger
protein localized to presynaptic active zones in syn-
apses and to synaptic ribbons in ribbon synapses
[35], and a novel protein termed p40 [36]. These pro-
teins interact speci¢cally with GTP-bound forms of
Rab8, Rab3A and Rab9, respectively.
In the case of Rab6, a yeast two-hybrid screen
with the GTPase mutant Rab6 Q72L has allowed
us to identify ¢ve novel proteins that interact with
Rab6:GTP. One of them corresponds to a 150 kDa
cytosolic protein. Like Rabaptin-5, this protein has a
large coiled-coil domain, but unlike Rabaptin-5, it
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does not seem to be recruited on membranes by ac-
tive forms of Rab6 (I. Janoueix-Lerosey, F. Jollivet
and B. Goud, unpublished results). Another protein
was identi¢ed as a new member of the kinesin-like
protein family. This protein, which we called Rab-
kinesin-6, is found associated with the Golgi appara-
tus and plays a role in the dynamics of this organelle
[37].
In yeast, genetic studies point out a role for Sec4/
Ypt proteins in the interaction between v- and t-
SNARES (see other reviews in this issue). A search
for genes that compensate the loss of YPT1 has al-
lowed the identi¢cation of a SLY1 allele (SLY1-1), a
member of the SEC1 gene family whose products
interact with t-SNARES (in that case Sed5) [38,39].
In a YPT1 null mutant, the overexpression of v-
SNAREs involved in endoplasmic reticulum (ER)
to Golgi transport (Sec22/Sly2 and Bet1/Sly12) com-
pensates for the Ypt1 defect [38]. The suppressive
e¡ect is stronger when Bos1 (another v-SNARE of
ER-derived vesicles, [40]) is co-expressed with either
Sec22 or Bet1 [41]. Although the exact role of Ypt1 is
not yet fully understood, it seems that Ypt1 function
is crucial for the formation of the v/t SNARE com-
plex [42]. Ypt1 could promote the association be-
tween Sec22 and Bos1, two v-SNARES, suggesting
a role in the ‘priming’ of transport vesicles [41]. Ypt1
may also promote the dissociation of the t-SNARE
Sed5 from Sly1 and therefore favors the association
of Sed5 with v-SNARES [43].
Genetic evidence also exists that Sec4 is involved
in the formation of v/t-SNARE complexes required
for exocytosis of Golgi-derived transport vesicles.
For instance, the overexpression of Sec9, a member
of the SNAP 25 family that interacts with plasma
membrane t-SNARES, suppresses the e¡ect of a mu-
tation in the e¡ector domain of Sec4 [44].
5. Rabs and Golgi
Two Rab proteins, Rab1 and Rab6, and their
yeast counterparts Ypt1 and Ypt6 have been shown
to play a role in transport events at the level of the
Golgi apparatus. Rab1 is a ubiquitous Rab found
associated with pre-Golgi elements, as shown by its
colocalization with the p58 protein [45]. Such a local-
ization is consistent with a role of Rab1 in ER to
Golgi transport. For instance, overexpression of the
GDP-bound mutant of Rab1 (Rab1 S17N) strongly
inhibits the delivery of VSV-G to cis-Golgi compart-
ments [46,47]. Similarly, it is now well established
that Ypt1 is involved in targeting/fusion of ER-de-
rived vesicles to Golgi compartments in yeast. Inter-
estingly, Rab 1 can also be detected on the cytoplas-
mic face of one or two cisternae at the cis-face of the
Golgi stacks [45]. In addition, it has been docu-
mented that Rab1 as well as Ypt1 functions in early
intra-Golgi transport in addition to ER to Golgi
transport [48,49]. This illustrates the fact that at least
some Rab proteins can be involved in more than one
vesicular transport step. However, it should be
pointed out that two isoforms of Rab1 (Rab1A
and Rab1B) exist in mammals and more work is
needed to determine whether these isoforms are func-
tionally redundant.
Like Rab1, Rab6 is a ubiquitous protein expressed
in virtually all cell types or tissues tested so far in
mammals. Rab6 homologs have been found in a
wide variety of eukaryotic cells, including yeast S.
cerevisiae (Ypt6) and S. pombe (Rhy1) [50,51], plant
cells [52] and the protozoan malaria parasite Plasmo-
dium falciparum [53]. Rab6 is found associated with
medial and trans-Golgi cisternae as well as with
membranes of the trans-Golgi network (TGN)
[54,55]. The fractionation of pancreas microsomal
fractions on sucrose density gradients indicates that
Rab6 can be well separated from Rab1 in these gra-
dients, Rab6 being enriched in the low density trans-
Golgi fraction [45]. It should be pointed out, how-
ever, that Rab6 was found associated with all the
Golgi stack in liver cells [56]. In addition, Rab6
can also be detected in post-Golgi vesicles in some
specialized cell types such as mouse hypothalamic
neurons, Torpedo marmorata electrocytes or retinal
cells [54,55,57^59].
The relatively wide distribution of Rab6 has led to
speculation that there may be several roles for this
protein [60^62]. Rab6 seems, however, to be primar-
ily involved in intra-Golgi transport. Speci¢cally, the
overexpression of the GTPase de¢cient mutant Rab6
Q72L and to a lesser extent that of wild-type Rab6 in
HeLa cells and mouse ¢broblasts has been shown to
severely impair transport of secretory markers be-
tween cis/medial and late Golgi compartments, with-
out a¡ecting their transport between the TGN and
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the plasma membrane [61]. In addition, a striking
e¡ect of the overexpression of GTP-bound forms of
Rab6 is the loss of Golgi structures and the redis-
tribution of Golgi resident enzymes into the endo-
plasmic reticulum [63]. This e¡ect was found to be
almost indistinguishable from those induced by bre-
feldin A (including the need for microtubule integ-
rity), with the notable di¡erence that even TGN
markers redistribute to the ER in cells overexpressing
GTP-bound forms of Rab6. The redistribution of
Golgi proteins seen in cells overexpressing GTP-
bound forms of Rab6 may be a consequence of a
block of anterograde transport that would unbalance
anterograde and retrograde £ow in favor of retro-
grade transport. Alternatively, Rab6 may be directly
involved in the retrograde transport (Fig. 3). In favor
of this latter hypothesis, we have recently observed
that GDP-bound forms of Rab6 blocks the transport
of Shiga toxin B fragment (a protein shown to be
transported retrogradely throughout the Golgi appa-
ratus, [64]) at the TGN level, i.e. its site of entry into
the Golgi apparatus (L. Johannes and B. Goud, un-
published results).
It is still unclear whether yeast Ypt6 has the same
function as mammalian Rab6, although Rab6 can
complement a YPT6 null strain [51]. The YPT6
null strain is viable at 30‡C, indicating that YPT6
is not an essential gene in yeast. At higher temper-
ature, vacuoles are fragmented and a partial missort-
ing of carbopeptidase Y can be observed, suggesting
that Ypt6 is involved in Golgi to vacuole transport
[51]. However, a nonsense mutation in YPT6 gives a
slightly di¡erent phenotype than the null allele, i.e.
an inhibition of both early Golgi function and ribo-
some biosynthesis [65]. As discussed above, we be-
lieve that Rab6 is primarily involved in retrograde
transport between Golgi and ER and we obtained
no evidence for a role of Rab6 in Golgi to endosome
Fig. 3. Model of Rab6 function. Rab6 is localized to medial/trans-Golgi cisternae and membranes of the TGN [54,55]. The overex-
pression of Rab:GTP (wt and the GTPase mutant Rab6 Q72L) induces a redistribution of Golgi resident proteins into the ER and a
loss of Golgi structures [63]. Such an e¡ect may be explained by a stimulation of retrograde transport that results in an imbalance be-
tween anterograde and retrograde intra-Golgi membrane £ow. In contrast, the GDP-bound mutant Rab6 T27N does not redistribute
Golgi membranes into the ER, but may inhibit the recycling of Golgi resident enzymes [63]. Several putative Rab6 e¡ectors have been
identi¢ed in our laboratory. One of them is a new Golgi-associated kinesin-like protein, termed Rabkinesin-6. One of the functions of
Rab6 could be to regulate the association/dissociation of Rabkinesin-6 to/from microtubules (MT) and, as a consequence, the binding
of Golgi membranes and/or Golgi-derived vesicles to microtubules [37].
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transport by following a marker of this pathway in
HeLa cells (a chimeric protein made of the ectodo-
main of hemagglutinin and the cytoplasmic tail of
mannose-6P receptor) (O. Martinez, B. Goud and
B. Ho£ack, unpublished results). Without ruling
out the possibility that the apparent discrepancy be-
tween the function of Rab6/Ypt6 in yeast and mam-
mals can be explained by di¡erent experimental strat-
egies, this might also be due to functional diversity of
Rab/Ypt proteins in yeast and mammals. For in-
stance, some evidence exists that Ypt5 and Rab5
do not regulate the same transport pathway. The
same holds true for Ypt31/Ypt32, which share strong
homology to Rab11 [66]. In favor of a hypothesis of
functional diversity between Rab and Ypt proteins, it
is also interesting to note that Rab6 partners that we
have recently identi¢ed in our laboratory using a
two-hybrid screen display no sequence homology
with suppressor genes of YPT6 (IMH1 and SYS
genes) [65,67].
Two other Rab proteins, Rab10 and Rab12, and
two isoforms of Ypt3 (Ypt31 and 32) are likely to be
involved in transport events at the level of the Golgi
apparatus [66,68]. However, very little is yet known
about the precise function of these proteins.
6. What function for Rab proteins?
Rab GTPases were ¢rst considered proteins that
ensured that a transport vesicle leaving one intracel-
lular compartment is deposited in the appropriate
acceptor compartment [69]. In its simplest form,
this model predicts that Rab proteins act as molec-
ular tags to specify the right acceptor compartment
for a given transport vesicle. The ¢nding that a chi-
meric protein of Sec4 and Ypt1 can function as ei-
ther Sec4 or Ypt1 without grossly a¡ecting the cor-
rect functioning of the yeast secretory pathway has
rendered this model less likely [70]. In addition, the
speci¢city of docking/fusion of vesicles with their tar-
get compartments is believed to be mediated by other
families of proteins (v/t-SNARES) [2]. The function
of Rab proteins now appears more complex than
previously thought. As discussed above, good evi-
dence exists that in yeast, Sec4 and Ypt1 play an
important role in the formation of v/t-SNARE com-
plexes. Rab3A has also been shown to stabilize
SNARE synaptic complex in Aplysia [71]. However,
it is striking to note that Rab e¡ectors identi¢ed so
far are unrelated proteins with diverse functions. For
instance, the recent discovery that Rab6 interacts
with a kinesin-like protein raises the possibility of
coordinated action between members of these two
families of proteins [37]. In addition, Rab proteins
may be part of large complexes (such as the ‘exocyst’
in the case of Sec4). Much more work is needed to
identify all the proteins of these complexes for a
particular Rab. However, a tentative hypothesis is
that Rab proteins coordinate spatially and tempo-
rally all the events underlying movement and target-
ing/fusion of transport vesicles and membranes with-
in eukaryotic cells. If true, one can predict that Rab
proteins will be (re)considered in the near future to
play a central role in organelle dynamics and intra-
cellular transport.
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